was also associated with an increase in brain activity in similar areas in patients compared to control subjects. In conclusion, this fMRI study shows that GH-defi cient patients have a subnormal memory speed, but no impaired quality of memory performance, which may be due to compensatory recruitment of dorsal prefrontal brain regions. These fi ndings indicate that the GH-IGF-1 axis contributes to prefrontal functioning in patients with CO-GHD.
Introduction
It has been observed that cognitive functioning is impaired in patients with growth hormone defi ciency (GHD), both in adult-onset (AO) and in childhood-onset (CO) GH-defi cient patients [1, 2] . CO-GHD patients were found to perform worse on short-and long-term memory tasks and on an iconic memory task [2] . Treatment with growth hormone (GH) has been shown to improve cognitive functions in CO-GHD men within 1 year [3] .
It is known that GH can cross the blood-brain barrier [4] , and that GH releases insulin-like growth factor-1 (IGF-1) in the central nervous system [5] . Subcutaneous GH administration in GH-defi cient patients has been found to increase concentrations of GH and IGF-1 in the cerebrospinal fl uid [6] . GH receptors are found in the choroid plexus, hippocampus, pituitary, hypothalamus, putamen and thalamus [7] . IGF-1 receptors are found in the amygdala, hippocampal and parahippocampal area, cerebellum and cortex [8] . The presence of a high concentration of GH and IGF-1 receptors in the hippocampus, a brain area that is involved in memory processing, suggests a relation between GH, IGF-1 and memory. However, the exact mechanism behind this relation is still uncertain and the number of studies on the relation between GHD and cognition is limited. In healthy elderly, in whom serum IGF-1 levels and memory performance are decreased, a positive relation between IGF-1 levels and cognitive function has been observed [9] [10] [11] [12] [13] [14] . Especially mental processing speed is related to IGF-1 levels in elderly [9] .
GH treatment in GH-defi cient patients appeared to have benefi cial effects especially on attentional performance [15] , and serum IGF-1 levels have been shown to correlate positively with cognitive functioning [9, 10, 16] . The neurophysiological mechanisms are as yet unclear, but may be related to neuroprotective effects of IGF-1, for example with regard to cholinergic neurons in the forebrain [17] . Moreover, IGF-1 receptors are located in the frontal cortex, which brain area plays an important role in working memory (WM).
In the present study, we used functional magnetic resonance imaging (fMRI) to investigate the neural substrate of WM in GH-defi cient patients and healthy control subjects. WM is described as the ability to keep a limited amount of information for immediate use during short intervals and WM tasks are known to activate the parietal and ventrolateral/dorsolateral prefrontal cortex [18] . fMRI is a non-invasive technique to visualize brain activity during a cognitive task. Using the blood oxygenation level-dependent response, the oxygen saturation state of the brain provides information of brain activity during memory processes. This can be performed without the use of radiation, which allows repetitive measurements.
The present study was designed to investigate the infl uence of the state of GHD on memory performance. We hypothesized that CO-GH-defi cient patients would exhibit a worse and/or slower memory performance than healthy control subjects. We also hypothesized that brain activity in GH-defi cient patients would be altered in areas associated with WM, such as dorsolateral prefrontal, anterior cingulate and parietal cortex.
Materials and Methods

Subjects
In the present study, 13 CO GH-defi cient patients (mean age 27.3 8 6.9 years, range 18-40 years; 3 patients with isolated GHD (a defi ciency in GH secretion without affecting the secretion of the other pituitary hormones), and 10 patients with multiple pituitary hormone defi ciencies) and 13 healthy controls matched for age, sex and education level were included (mean age 27.8 8 7.6 years, range 18-46 years). Both groups consisted of 8 men and 5 women. All patients were on GH substitution (mean duration 10.9 8 6.7 years) with IGF-1 levels in the normal range for age and sex before entering the study. Patients had to stop previous GH treatment for a 3-month washout period before entering the study. Inclusion criteria were diagnosis of CO-GHD confi rmed with an insulin tolerance test or another GH stimulation test, and optimal substitution for the other pituitary hormones in the multiple pituitary hormone-deficient patients. Exclusion criteria were past or present neuropsychiatric diseases and treatment non-compliance. Twelve subjects in both groups were right-handed and 1 subject in each group was ambidextrous. Education levels were assessed using a scale of 5 educational levels, defi ned in conformity with the levels of education specifi ed by the European Union [19] . Level 1 represents primary school not completed, subject attended school for the mentally or physically handicapped, while level 5 represents completed university education. The mean educational level of the patient group was 3.8 ( 8 0.7), which corresponds to at least 10 years of education and training, indicating an average-educated population.
Before test procedures started, written informed consent was obtained. The study was approved by the Medical Ethical Committee of the VU University Medical Center and was conducted according to the principles of the Helsinki Declaration.
Procedure
During the experimental sessions, taking place in the morning, neuropsychological tests were administered and structural/fMRI was recorded. In the patients, serum IGF-1 levels were measured to confi rm the presence of a GH-defi cient state after a 3 month discontinuation of GH treatment. Serum concentrations of TSH, free T 4 , free T 3 , cortisol, prolactin and sex hormones were measured to determine whether substitution of other pituitary hormones was adequate.
Hormone Assays
Serum IGF-1 levels were measured with commercially available assays (Chemoluminiscentic, Nichols Institute Diagnostics, San Juan Capristrano, Calif., USA). The detection limit for IGF-1 is 0.6 nmol/l. The intra-assay coeffi cient of variation is 3% at serum IGF-1 of 20 nmol/l. The inter-assay coeffi cient of variation is 6% at serum IGF-1 of 33 nmol/l and 8% at serum IGF-1 of 7 nmol/l. Serum concentrations of TSH, free T 4 , free T 3 , cortisol, prolactin and sex hormones were measured according to standardized techniques with commercially available immunoassays.
Neuropsychological Tests
The following tests were selected from the Neurobehavioral Evaluation System (NES) [20] and were prior to the imaging procedure administered by means of a PC. 34 tigue, tension and vigor [21] . Higher scores for depression (scores , anger (scores 7-35), fatigue (scores 6-30) and tension (score 6-30) refl ect a negative mood; higher scores for vigor (score 5-25) refl ect a better mood [20, 21] .
Mood: The Profi le of Mood States (POMS
Memory: Short-Term Memory (STM); Visual Digit Span Task Forward and Backward [20, 22] . In this test, subjects were asked to repeat a string of digits in the original order (digit span forward) and in the reverse order (digit span backward). Increasingly longer spans of digits were presented, until the subject made two sub sequent errors at the same span length. Score: the lengths of the longest forward and backward span correctly repeated were re corded.
Associate Learning Task [2, 20, 22] . Nine word pairs consisting of a name and an occupation were displayed on a computer screen. Thereafter, at each of 9 trials a name was shown on the screen and subjects had to choose the occupation belonging to that name. After each trial, response feedback was given. Three series of 9 trials were presented, allowing the subject to learn as many names paired with occupations as possible. This recognition procedure was used to assess short-term verbal learning (maximum score 27) [2, 20, 22] .
Long-Term Memory (LTM): Delayed Recognition Task. This recognition task was presented after an interval of 60 min. Subjects were again presented with a single series of 9 recognition trials used in the associate learning task. At each trial, 1 of the 9 names had to be matched with 1 of the 9 occupations and no feedback was given (maximum score 9) [2, 20, 22] .
Imaging Paradigm
During neuroimaging, subjects performed a (verbal recognition) WM task. This is a delayed-non-matching-to-sample (DNMTS) task, adapted for neuroimaging in our laboratory [23, 24] . During the DNMTS task, a series of letters was presented on a computer screen for 4 s and subjects were instructed to read the series of letters and memorize them. After a 3-s delay (blank screen), two cue letters were shown during 7 s, and subjects were requested to select the letter not present in the previous string, using a button press. During baseline trials, the letter string was shown throughout the 4-s familiarization period including the 3-s rehearsal period. Before the presentation of each series of letters, subjects were informed (on the screen) whether the up coming set of letters had to be remembered (activation condition) or not (baseline condition). Trial information (remember or don't remember) was presented on the screen for 3 s, followed by a 2-s blank screen. Intertrial interval was 3s ( fi g. 1 ). Different lengths of letter strings were presented in random order (3, 4, 5, 6, 7, or 8 letters) and activation and baseline trials were also presented in random order. To ensure that participants were familiar with the task, the test was explained and practiced outside the scanner before MRI started. Subjects were instructed to perform as accurate and fast as possible within the given time limits. No feedback regarding correct answers was provided during task performance. A total of 48 series of letters were successively presented in random order (12 baseline trials, 36 activation trials). The number of correct responses and the reaction times (RTs) were recorded.
Scanning Details
Imaging was performed using a 1.5-Tesla Sonata MR scanner (Siemens, Erlangen, Germany). Stimuli were generated by a Pentium PC and projected on a screen at the back end of the scanner table. The projected image was seen through a mirror mounted above the subject's head. The subject's head was fi xed using foam pads to reduce motion artifacts. A magnet-compatible response box was used to record the subject's performance and RTs.
Anatomic imaging included a T 1 -weighted structural MR scan (MP-RAGE, magnetization prepared-rapid acquisition gradient echo, inversion time 300 ms, TR = 15 ms, TE = 7 ms, fl ip angle = 8°, voxel size 1 ! 1 ! 1.5 mm, 160 sections). For the functional Graph of screens presented during an activation condition in the WM task. Trial information (remember or don't remember) was presented on the screen for 3 s, thereafter the screen was blank for 2 s. A series of letters was presented for 4 s, after which the screen was blank for a 3-s delay interval. After this delay, one of the letters together with a novel letter appeared on the screen for 7 s. Thereafter the screen was blank for 3 s followed by the next series of letters. Lower panel: Graph of screens presented during a baseline condition in the WM task. In this condition, the series of letters was presented for 7 s, i.e. throughout the 4-s familiarization period and the 3-s delay interval.
MR an echo planar imaging sequence (TR = 3.045 s, TE = 45 ms, fl ip angle = 90°) was used, creating transversal whole-brain acquisitions (35 slices, 3 ! 3 mm in-plane resolution, slice thickness 2.5 mm with a 0.5-mm inter-slice gap). In total 350 EPI volumes per subject were scanned.
Imaging Data Analysis MRI data were analyzed using Statistical Parametric Mapping (SPM2) software, developed by the Wellcome Department of Cognitive Neurology, London, UK (http://www.fi l.ion.ucl.ac.uk). The fi rst two volumes of each time series were discarded to allow for magnetic saturation. Next, images were corrected for differences in slice time acquisition and realigned to correct for subject movement. Thereafter, the images were spatially normalized to approximate Talairach space as defi ned by the SPM EPI template, and re-sampled to 3 ! 3 ! 3 mm voxel size. Data were smoothed using an 8-mm full-width half-maximum gaussian fi lter to increase signal to noise ratio. Individual analyses were performed using the general linear model, using ␦ functions convolved with a canonical hemodynamic response function to model responses of varying length to each stimulus. In addition, movement parameters were modeled as nuisance covariates. For each subject, weighted contrasts were computed for main effects (activation vs. implicit baseline) and for task load. We used implicit rather than explicit baseline since preliminary analyses failed to reveal activity for task versus explicit baseline comparisons, presumably because subjects encoded baseline letter strings as well, in spite of the instruction. The main effects are reported at p ! 0.05, corrected for multiple comparisons using the false detection rate method [25] with a cluster threshold of 5 voxels, unless indicated otherwise. Group-by-task interactions were masked using the appropriate main effects, and are reported at a false detection rate of ! 0.05, with a cluster size threshold of 5 voxels. Regions determined by Montreal Neurological Institute coordinates for peak effects were verifi ed using a standard brain atlas.
Analysis of Demographic, Endocrine, and Behavioral Data
All analyses for demographic data, hormone values, mood parameters and task performance were carried out using the Statistical Package for the Social Sciences (SPSS, Version 11.0). Demographic variables were analyzed by means of a two-sample t-test. Data from the DNMTS task were analyzed by means of multivariate analysis of variance (MANOVA) with group (patient/control) as independent factor and number of correct responses and RTs as dependent variables. RTs and number of correct responses for series with equal set size were averaged, which resulted in 6 dependent variables for RT and number of correct responses, i.e. for sets 3, 4, 5, 6, 7 and 8. Statistical signifi cance was set at the 0.05 level. Data are presented as means 8 SD.
Results
Demographic characteristics and neuropsychological test results of patients and control subjects are shown in table 1 . Mean serum IGF-1 level in the GHD patients was 8.9 8 3.6 nmol/l (IGF-1 normal values 27-29 years (P5-P95) 14.6-32.7 nmol/l (men) and 11.2-44.6 nmol/l (women)). Body mass index (kg/m 2 ) was signifi cantly higher in the patients than in the control subjects (p = 0.04). With regard to the memory tasks performed prior to the scanning session, we found that error rates tended to be larger in the patient group, but these differences failed to reach statistical signifi cance. Similarly, performance on the DNMTS task during MRI did not differ between the two groups. Mean RT in patients, however, was signifi cantly (p = 0.04) slower than in control sub- jects, in particular for diffi cult items ( table 1 , fi g. 2 ). Patients also had higher fatigue (p = 0.04) and lower vigor ratings (p = 0.002), whereas depression, anger and tension scores were not different ( table 1 ) .
Imaging Data
The main effects for task versus baseline are listed in table 2 . Across subjects, task performance was associated with increased bilateral activity in dorsolateral and ventrolateral prefrontal cortex, parietal cortex and motor cortex, insula, and thalamus. Increased activity was also observed in anterior cingulate cortex and supplementary motor cortex (SMA), as well as in right anterior prefrontal cortex ( fi g. 3 a). The reverse contrast (baseline 1 task) did not show activations at the chosen threshold. Task-bygroup interactions revealed greater activity in patients compared with controls in bilateral dorsolateral prefrontal cortex, thalamus, and precuneus, as well as in anterior cingulate and SMA, and left parietal and motor cortex. We did not fi nd areas in which control subjects showed greater activity compared to patients.
The main effects for task load are shown in table 3 . Task load effects were found in bilateral ventrolateral and dorsolateral prefrontal cortex and parietal cortex. Increased blood oxygenation level-dependent effects were also observed in the posterior hippocampal area, in Wer- The contrast controls 1 patients showed no increased activation in the brain. The brain areas mentioned below indicate those brain regions in which we observed increased brain activation in the activation condition compared to the baseline conditions (left part of the table). Those brain areas in which patients show more activation compared to control subjects are indicated in the right part of the table.
The Z value represents the peak activation in a cluster of voxels with a signifi cant difference in activation. T-statistics are expressed as standardized Z scores. FDR corrected p < 0.05, cluster size threshold 5 voxels; BA = Brodmann area; L = left; R = right; DLPFC = dorsolateral prefrontal cortex; PFC = prefrontal cortex; SMA = supplementary motor cortex; VLPFC = ventrolateral prefrontal cortex. Table 3 . Regions showing signifi cantly increased brain activation in task load in the total group (activation 1 baseline) and for activity in patients 1 control subjects The contrast controls 1 patients showed no increased activation in the brain. Indicated are the areas with increased brain activation in the patients compared to the control subjects during performance of the DNMTS memory task (right part of the table).
The Z value represents the peak activation in a cluster of voxels with a signifi cant difference in activation. T-statistics are expressed as standardized Z scores. FDR corrected p < 0.05, cluster size threshold 5 voxels; BA = Brodmann area; L = left; R = right; DLPFC = dorsolateral prefrontal cortex; SMA = supplementary motor cortex; VLPFC = ventrolateral prefrontal cortex. Fig. 3 a, b . Signifi cant differences in brain activity during the WM task when an activation condition (remember) was shown compared to a baseline condition (don't remember) in the left panels and signifi cant differences in brain activation for different task loads in the right panels. Brain activations (orange and yellow areas) are presented as on both a sagittal and transversal slice of the brain.
nicke's area, and in anterior cingulate and SMA ( fi g. 3 b). Load-by-group interactions demonstrated increased activation in patients compared with control subjects in left dorsolateral and ventrolateral prefrontal cortex as well as anterior cingulate and SMA.
Discussion
In the present study we investigated mood and memory function in adults with CO-GHD compared with healthy control subjects. As expected, mood states were worse in patients than controls. In particular, patients reported more complaints of fatigue and less vigor. Although GH-defi cient patients made a similar number of errors during neuropsychological testing, both inside and outside the MR scanner, they were found to perform signifi cantly slower on the WM task, in particular at higher task loads. In addition, our functional imaging data showed that patients showed increased task-related activity in several brain regions known to be involved in WM, both when comparing task versus baseline and increasing task load. Our failure to observe signifi cant differences in error rates is at variance with earlier studies indicating memory defi cits in GH-defi cient patients [2] . It could be argued that this refl ects a power issue, given that for most tasks, patients' scores were numerically lower. However, our neuropsychological results are in line with a previous study, which revealed that GH treatment mainly improved attention and not verbal memory [15] . Performance in cognitive tests with speed as the crucial variable improved after GH substitution, but memory performance per se did not improve. On the other hand, it is known that improved attention also increases memory performance, since memory capacity critically depends on attentional resources [26] . Attentional defi cits in CO-GH-defi cient patients were also reported in another study, in which the effect of low GH and IGF-1 on performance and event-related potentials during a selective attention task was studied in 10 CO-GHD patients [27] . The reduced quality of attentional performance was refl ected by a lower amplitude of event-related potential signals associated with anterior cingulate cortex activity. However, in that study, patients did not show slower RTs. Magnetic resonance spectroscopy was used to assess brain Nacetylaspartate (NAA)/choline ratios in 11 patients with CO-GHD and 11 healthy matched controls [28] . The patients showed attenuated performance in a test measuring long-term memory and in a trail-making A test, measuring planning of behavior, processing speed and attention.
NAA/choline ratios were signifi cantly reduced in the patients, refl ecting reduced neuronal integrity. Positive correlations were found between IGF-1 levels and brain NAA levels.
Imaging data from the present study showed task-related activity in various regions known to be involved in WM, i.e. ventrolateral and dorsolateral prefrontal cortex, parietal cortex, anterior cingulate cortex, and SMA. These areas were identifi ed when comparing task vs. baseline as well as for increased task load, in accordance with numerous earlier studies [ for a review, see 29] . Whereas increased VLPFC activity may refl ect maintenance (storage) and subvocal rehearsal, DLPFC recruitment has been observed during manipulation WM tasks, such as the n-back task, but also during maintenance tasks, in particular at higher memory loads. In addition, the anterior cingulate cortex is involved in response selection and error monitoring [30] , whereas posterior parietal activity has been explained as due to storage as well as attentional processes. Finally, the load-associated activity in parahippocampal gyrus and superior temporal gyrus may refl ect episodic memory and language processing, respectively. Group-by-task interaction effects were observed in favor of the patient group, in ventrolateral and dorsolateral prefrontal cortex, anterior cingulate cortex, SMA, precuneus, and thalamus. Thus, we are led to conclude that GHD patients recruit areas commonly involved in WM, i.e. lateral prefrontal and anterior cingulate cortical areas, to a greater extent. Importantly, these differences were observed for both task vs. baseline and task load contrasts, and therefore cannot be explained by differences in baseline regional perfusion. Given the slower performance of the GHD group, in particular at higher task loads, the most likely explanation is that this increased activity of WM-associated regions refl ects increased effort. Abnormally increased dorsolateral and/or anterior cingulate activity during WM tasks has been observed in various neuropsychiatric disorders such as schizophrenia [31] and obsessive-compulsive disorder [32] . In schizophrenia, aberrant patterns of brain activity have been found despite near-normal performance [33] , similar to the present study. However, our fi ndings of increased prefrontal activity in GHD patients are at odds with those of an earlier PET study of our group [23] in healthy elderly subjects with high compared to low serum IGF-1 values. Several neuropsychological studies have shown a relation between serum IGF-1 values and cognitive performance [11] [12] [13] [14] . Higher IGF-1 levels were associated with better performance in tests of mental processing speed in healthy elderly (mean age 69 years) [9] . IGF-1 levels were correlated with tests sensitive to aging, such as the Digit Symbol Substitution Test and the Concept Shifting Task, measuring speed of information processing. Tests not sensitive to aging, such as information and vocabulary, Benton line and Brus reading, showed no correlation with IGF-1 in elderly men (aged 66-76 years) [10] . In a large sample of 1,318 elderly men and women (aged between 68 and 88 years), it was found that IGF-1 levels below 9.4 nmol/l were negatively associated with both the level of information processing speed and its decline over a 3-year period [11] . Thus, these data implicate the GH-IGF-1 axis in cognitive decline associated with aging. In an earlier study we found that elderly with high IGF-1 levels were capable of faster WM performance, similar to the control subjects of the present study. However, subjects with high IGF-1 showed an increased, not decreased, recruitment of task-related prefrontal regions, compared with low IGF-1 subjects [23] . This discrepancy may be explained by a number of methodological issues, such as differences in imaging modality (PET vs. fMRI), task paradigm (blocked vs. event-related) and subject characteristics (low IGF-1 elderly vs. GHD patients). Although several studies in healthy subjects have shown a linear relationship between task load, prefrontal activity, and performance [18, 34] , in patient groups brain activity may decline at submaximal loads [35] .
GH and IGF-1 have important functions in development and differentiation of the central nervous system [36] . It is known that the number of GH receptors in the brain of rats declines with aging [37] and that IGF-1 potentiates acetylcholine release from the hippocampus. With aging there is a dramatic reduction of IGF-1 protein levels and receptor density in this structure [38, 39] . Changes in the cerebrospinal fl uid concentration of the dopamine metabolite homovanillic acid are shown after GH treatment [4, 5, 40] . High levels of dopamine are found in the hippocampus and a change in the dopamine turnover in this region after GH treatment may infl uence memory processes [2] .
In conclusion, data from the present study demonstrate that GHD patients have decreased memory speed during a verbal WM task, in agreement with previous neuropsychological fi ndings. In addition, our fMRI data indicate that GHD patients were capable of normal, albeit slower, task performance which may be the consequence of compensatory recruitment of additional dorsal prefrontal areas. These fi ndings suggest that the GH-IGF-1 axis plays an important role in prefrontal, executive functions in humans.
